The identification of mutations in genes that cause human diseases has largely been accomplished through the use of positional cloning, which relies on linkage mapping. In studies of rare diseases, the resolution of linkage mapping is limited by the number of available meioses and informative marker density. One recent advance is the development of high-density SNP microarrays for genotyping. The SNP arrays overcome low marker informativity by using a large number of markers to achieve greater coverage at finer resolution. We used SNP microarray genotyping for homozygosity mapping in a small consanguineous Israeli Bedouin family with autosomal recessive Bardet-Biedl syndrome (BBS; obesity, pigmentary retinopathy, polydactyly, hypogonadism, renal and cardiac abnormalities, and cognitive impairment) in which previous linkage studies using short tandem repeat polymorphisms failed to identify a disease locus. SNP genotyping revealed a homozygous candidate region. Mutation analysis in the region of homozygosity identified a conserved homozygous missense mutation in the TRIM32 gene, a gene coding for an E3 ubiquitin ligase. Functional analysis of this gene in zebrafish and expression correlation analyses among other BBS genes in an expression quantitative trait loci data set demonstrate that TRIM32 is a BBS gene. This study shows the value of high-density SNP genotyping for homozygosity mapping and the use of expression correlation data for evaluation of candidate genes and identifies the proteasome degradation pathway as a pathway involved in BBS.
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genetic mapping ͉ obesity ͉ SNP genotyping ͉ zebrafish model A continuing goal of the Human Genome Project is to determine the function of all human genes. Of particular interest is the identification of human phenotypes associated with the mutation of each gene. Although considerable progress has been made, the majority of genes causing complex and Mendelian disorders have yet to be identified. The discovery of most human disease-causing genes has relied on using large and͞or multiple human pedigrees for genetic linkage mapping. The identification of additional disease-causing genes is hindered by the paucity of pedigrees that are suitable for traditional linkage studies. Therefore, opportunities to identify novel disease genes that take advantage of smaller pedigrees and genomic resources must be sought. One recent development that can aid in the identification of disease genes are high-density SNP arrays for genotyping (1) . In this study, we used SNP genotyping of a small nuclear family to aid in the identification of a gene causing an extremely heterogeneous human obesity syndrome known as Bardet-Biedl syndrome (BBS; MIM 209900).
BBS is a pleiotropic, autosomal recessive disorder characterized by obesity, pigmentary retinopathy, polydactyly, renal abnormalities, learning disabilities, and hypogenitalism (2-4). The disorder is also associated with diabetes mellitus, hypertension, and congenital heart disease (2, 5, 6). The disorder displays extensive genetic heterogeneity. To date, nine BBS genes have been mapped and identified (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Mutation screening of the known genes indicates that additional BBS genes and mutations have yet to be identified (21) (22) (23) .
The initial identification of BBS genes relied on positional cloning (11) (12) (13) (14) . Subsequently, bioinformatic comparisons of protein sequences aided in the identification of additional BBS genes (15) (16) (17) 21) . Further identification of BBS genes is hindered by the extensive genetic heterogeneity and the paucity of additional large multiplex families for genetic mapping. We used high-density SNP genotyping to identify the disease-causing gene in a single small BBS family in which previous linkage studies failed to identify a disease locus.
Results
Genomewide SNP Genotyping. We performed short tandem repeat polymorphism (STRP) genotyping of an inbred Bedouin Arab family (Fig. 1A ) by using 400 highly informative STRP markers. We assumed that the disease locus would be inherited homozygously by descent in affected individuals. No informative STRPs were homozygous in all four affected individuals.
To search further for homozygous regions consistent with linkage, the four affected members of the BBS family were genotyped with an Affymetrix (Santa Clara, CA) GeneChip probe array containing 57,244 SNPs. The SNP genotype call rate was Ͼ96%, and 32,631 (Ϸ57%) SNP genotypes were homozygous in all four affected individuals, a finding reflecting the relative lack of informativity of SNP markers and the inbred nature of the pedigree. Fourteen autosomal regions were consistent with linkage based on homozygosity of 25 consecutive SNPs in the four affected siblings (Table 1) .
We next genotyped the four affected patients, their unaffected siblings, and their parents with STRP markers that mapped within the 14 regions of apparent homozygosity identified by the SNP genotyping. Genotyping with informative STRPs excluded all but one region as being linked to the disease phenotype, a 2.4-Mb region containing 83 consecutive homozygous SNPs on chromosome 9q33.1 (Fig. 1B) . Of interest, this region contained no STRPs from the original 400 STRPs that were used for linkage analysis. Logarithm of the odds score analysis using completely informative markers within the 2.4-Mb region reveals highly significant linkage with a maximum logarithm of the odds score of 3.7 ( ϭ 0). DNA sequencing of the entire coding sequence and consensus splice sites of the six genes within the 2.4-Mb interval revealed a single potential disease-causing variant in the four affected siblings, a homozygous transition (C388T) resulting in a proline to serine substitution at codon 130 (P130S) in TRIM32 (Fig. 2) . The parents were heterozygous for the P130S allele, and all five unaffected siblings were either heterozygous for P130S or homozygous for the normal allele. No P130S alleles were detected in 184 control individuals, including 94 Bedouin Arab control individuals and 90 ethnic diversity controls. The proline residue at position 130 was found in a conserved B-box domain of TRIM32 (Fig. 3) .
We also performed mutation screening by using single-strand conformational polymorphism analysis of the coding sequence in a panel of 90 BBS probands. No additional mutant alleles were found. Additional studies, described below, were performed to validate TRIM32 as a BBS gene.
TRIM32 Expression Is Strongly Correlated with Expression of Other
BBS Genes. The tissue expression pattern of TRIM32 has been reported (24) (25) (26) and is similar to the pattern of expression of other BBS genes. Expression of TRIM32 in the mammalian eye and hypothalamus has not been previously evaluated to our Shown are the cytogenetic location, the number of consecutive homozygous SNPs, and the physical interval size. knowledge. We performed Northern blot analysis on RNA isolated from multiple mouse tissues including whole eye and hypothalamus with a 3Ј UTR Trim32 probe. Our Northern blot results confirm an expression pattern similar to other BBS genes, including expression in the eye and hypothalamus (data not shown).
Recent studies in humans and animal models have used microarray expression data from thousands of genes in combination with genomewide polymorphism data to search for loci controlling variation in gene expression (27) (28) (29) . This approach, known as expression quantitative trait loci (eQTL) mapping, demonstrates the correlation of expression of specific genes with specific genetic loci. We have recently performed a large-scale eQTL mapping study with a cross of 120 F 2 rats genotyped with 400 STRPs across the rat genome to identify loci involved in regulation of thousands of genes expressed in the eye. In addition to eQTL mapping analysis, we performed a pairwise gene expression correlation analysis of the microarray expression data to identify genes whose expression levels are highly correlated among the 120 F 2 animals. We hypothesized that the genetic permutations created by the mapping cross would allow the detection of functional relationships among genes because the regulatory mechanisms shared by related genes would likely cause their expression to respond to biological variations in a coordinated fashion.
The Affymetrix rat 230.20 chip containing Ϸ31,000 probe sets was used for the experiments, and Ϸ19,000 probe sets, including the nine known BBS genes and Trim32, were shown to be expressed in the eye and exhibit enough expression variation among the 120 F 2 animals to allow for detection of significantly correlated expression. Evaluation of pairwise gene expression correlations in the eyes from the 120 F 2 rats revealed that the expression levels of the nine known BBS genes were positively correlated with one another. Specifically, of the 36 possible pairwise comparisons of expression correlations among the nine BBS genes, all displayed positive correlation and 21 of the 36 comparisons were individually statistically significant ( Table 2 ). The correlation among the nine known BBS genes was determined by comparing the mean multiple correlation coefficient of each gene individually to the other eight, and the significance of this value was assessed by comparing it to 10,000 randomly selected sets of nine genes. The result is highly significant (P ϭ 0.0027). This finding leads to the hypothesis that expression of novel BBS genes should be positively correlated with the known BBS genes and suggests an approach for prioritizing candidate BBS genes. We then examined the pairwise gene expression variation correlation of each gene in the 2.4-Mb 9q candidate interval with the nine known BBS genes. The only gene demonstrating significant positive correlation with multiple BBS genes was Trim32 ( Table 2 ). The significance of the correlation of Trim32 was determined to be P Ͻ 0.0001 based on a multiple correlation coefficient of 0.72 between Trim32 and the nine known BBS genes and after correcting for assessment of the multiple genes in the interval.
Knockdown of TRIM32 in Zebrafish Reveals BBS Phenotypes. We have recently developed zebrafish models of BBS by using antisense morpholino oligonucleotides (MOs) to knock down the expression of BBS genes in developing zebrafish embryos (30) . Two specific phenotypes were observed in common with individual knockdown of known BBS zebrafish orthologues (bbs1-bbs8): (i) disruption of Kupffer's vesicle (KV), a transient ciliated organ involved in left-right patterning, and (ii) delay of intracellular transport as determined by measuring the intracellular rate of retrograde melanosome transport (30) . To determine whether knockdown of zebrafish trim32 results in similar defects, we identified and sequenced the zebrafish orthologue. The zebrafish trim32 is 62% identical and 75% similar to the human protein.
Knockdown of zebrafish trim32 with an antisense MO flanking the initiator methionine resulted in 36% of fish having abnormal KV as defined by a reduced KV diameter compared with control-injected embryos (P Ͻ 0.0001) (Fig. 4) . This finding is consistent with those observed with knockdown of other zebrafish BBS orthologues (range 25-40%) (30) . In addition, similar to knockdown of other BBS genes, trim32-MO injected fish showed a delay in melanosome transport compared with controls (P Ͻ 0.0001) (Fig. 5) . Both the KV and melanosome transport phenotypes were rescued when MOs were coinjected with normal human TRIM32 mRNA (P Ͻ 0.0001) (Figs. 4 and 5) .
Of interest, a single TRIM32 missense variant (D487N) has been reported to cause limb-girdle muscular dystrophy (LGMD) type 2H (LGMD2H) (Fig. 3) (26) . To evaluate the known human TRIM32 variants as BBS-causing mutations, we generated expression constructs individually containing the BBS P130S allele and the LGMD2H D487N allele (Fig. 3A) . Coinjection of the variant human mRNAs with the trim32 MO was performed to determine whether mutant variants could functionally rescue both the KV defects and the melanosome transport delay. Human TRIM32 mRNA containing the P130S variant failed to rescue both the KV defect and melanosome transport, indicating that the P130S variant results in an abnormal protein. Human TRIM32 mRNA containing the D487N variant successfully rescued both phenotypes (Figs. 4 and 5 ).
Discussion
The nine previously identified BBS genes account for approximately half of the known BBS cases, indicating that multiple additional BBS genes remain to be identified (21) (22) (23) . The paucity of additional large BBS pedigrees and the extensive genetic heterogeneity make identification of additional BBS genes challenging. We used genomewide SNP genotyping to identify regions of homozygosity in a small consanguineous family in which lower-density genomewide STRP genotyping had failed to identify a linked locus. Genotyping of informative STRP markers within the key regions of homozygosity provided statistically significant (logarithm of the odds Ͼ 3) evidence of linkage to a single 2.4-Mb interval on chromosome 9q. Analysis of the genomic sequence of this interval revealed only six genes. Independent of the data generated in this study, three separate lines of evidence suggest TRIM32 as the best BBS candidate gene in the 2.4-Mb interval. First, the expression pattern of TRIM32 is similar to the other known BBS genes (24) (25) (26) . Second, there are three relevant knockout mouse models for genes within the linked interval: Pappa (31), Astn1 (paralogue of Astn2) (32) , and Tlr4 (33) . These models do not have phenotypes that resemble BBS mouse models (34) (35) (36) . Finally, functional characterization of other TRIM proteins indicates involvement with components of the cytoskeleton, a finding consistent with the function of other BBS proteins (37) (38) (39) . Nevertheless, we sequenced the entire coding regions and splice sites of the six genes in the 2.4-Mb interval. Sequencing revealed only one potential diseasecausing mutation, P130S in TRIM32. The P130S allele was not detected in a screen of 184 control individuals. These data strongly suggest, but do not prove, that TRIM32 is a BBS gene. A screen of the TRIM32 coding sequence in 90 additional BBS probands failed to identify additional disease-causing mutations. This latter finding is not unexpected because of the extensive genetic heterogeneity of BBS and the fact that other recently discovered BBS genes each account for Ͻ2% of cases (16) (17) (18) (19) (20) .
We provide additional evidence that demonstrates that TRIM32 is a BBS gene. First, expression variation of TRIM32 shows significant positive correlations with expression of the other known BBS genes. Second, knockdown of trim32 expression in zebrafish embryos exhibits phenotypes identical to those resulting from knockdown of the other known BBS genes (30) . Human TRIM32 mRNA harboring the P130S variant fails to rescue the knockdown phenotype, indicating that the P130S variant is a disease-causing mutation. Collectively, the linkage data, mutation data in the linked family, gene expression correlation data, and functional data in the zebrafish model demonstrate that TRIM32 is a BBS gene (BBS11).
TRIM32 was first characterized in a yeast two-hybrid study screening for proteins that bind to the Tat protein, a protein that . MO refers to zebrafish trim32 antisense MO-injected embryos. In rescue experiments, WT, P130S, or D487N containing full-length trim32 mRNA was coinjected with the trim32 MO. Controls were injected with an MO containing mismatched bases to the trim32 sequence. Thirty-six percent of trim32 MO-injected embryos displayed KV defects, whereas only 2% of control-injected embryos exhibited KV defects (P Ͻ 0.0001). Both WT human TRIM32 (4%) and the D487N allele (11%) rescued the KV phenotype (not significantly different from controls); however, the P130S allele (30%) failed to rescue the KV phenotype (P Ͻ 0.0001 compared with controls). activates the transcription of lentiviruses (40) . TRIM32 is a member of the TRIM family that is characterized by a common domain structure composed of a RING finger, a B-box, and a coiled-coil motif. TRIM32 also contains five C-terminal NHL repeats. The TRIM protein family participates in a variety of cellular processes, including apoptosis, cell growth, differentiation, transcriptional regulation, and ubiquitination. Recent studies show that TRIM32 has E3 ubiquitin ligase activity and binds to the head and neck region of myosin and ubiquitinates actin (41) , implicating TRIM32 in regulating components of the cytoskeleton, a function that fits well with the observed zebrafish knockdown phenotypes (30) .
Of note is a previous report that a single TRIM32 missense variant (D487N) is associated with autosomal recessive LGMD (28) . There are many examples where different mutations in the same gene can result in different disorders (42) (43) (44) (45) (46) . The TRIM32 LGMD mutation lies in a different domain (C-terminal NHL domain) than the BBS mutation (N-terminal B-box domain). A study of 37 members of the TRIM protein family has shown that ablation or disruption of N-terminal domains have differential subcellular localization effects than those observed with disruption of C-terminal domains (26) . A recent study determined that the LGMD2H allele D487N did not affect the E3 ubiquitin ligase activity, whereas disruption of TRIM32 coiled-coil domain reduced the binding affinity to myosin (41) . The hypothesis that different domains of TRIM32 may be involved in different processes is supported by our study of the two different mutations in the zebrafish model system. Although the LGMD2H D487N mRNA is able to rescue the zebrafish trim32 knockdown phenotypes, the P130S mRNA does not rescue the zebrafish knockdown phenotypes, indicating that the P130S mutation disrupts aspects of the protein function that are not affected by the D487N variant.
To our knowledge, TRIM32 is the first BBS gene identified to be involved in the ubiquitin͞proteasome system. This system of protein degradation is a multistep cascade that relies on a series of enzymes to tag substrates with multiubiquitin for degradation (47) (48) (49) (50) . The third enzyme in this series, an E3 ubiquitin-protein ligase, of which there are many in the human genome, is involved in the recognition and transfer of ubiquitin to the protein substrate. Determination of substrate specificity provided by TRIM32 may help to explain the multiorgan system defects observed in BBS patients. Additional BBS genes may be either direct or downstream targets of TRIM32.
Besides resulting in the identification of a BBS gene, this study has demonstrated the effectiveness of higher-density SNP genotyping in identifying linked regions that are missed with lowerdensity STRP linkage data. There are large numbers of diseases that remain unmapped because of inadequate family resources available for traditional genetic linkage studies using STRP markers at 5-to 10-cM density. In addition, this study has demonstrated the utility of using expression correlation data generated from large-scale gene expression studies to aid in the identification and verification of disease genes.
Materials and Methods
Subjects. Signed informed-consent forms, approved by the Institutional Review Board at the University of Iowa and collaborating institutions, were obtained from all study participants. The diagnosis of BBS was based on the presence of at least three of the following: obesity, polydactyly, renal anomalies, retinopathy, hypogonadism, and learning disabilities.
Genotyping. STRP genotyping was performed as described (14) . SNP genotyping was performed with the HindIII array of the Affymetrix GeneChip Mapping 100K set array. This array consists of 57,244 SNP markers with an average intermarker distance of 47.2 kb. Sample processing and labeling were performed by using the manufacturer's instructions. The arrays were hybridized, washed, and scanned in the University of Iowa DNA facility. Array images were processed with GeneChip DNA Analysis Software (GDAS).
DNA Sequencing and Mutation Screening. PCR products for sequencing were gel-purified with the QIAquick gel extraction kit (Qiagen, Valencia, CA). Sequencing was performed bidirectionally by using dye-terminator chemistry on an ABI 3730 DNA sequencer (Applied Biosystems). TRIM32 primer sequences are available on request.
For some patient DNA samples, the coding sequence of the TRIM32 gene was screened by single-strand conformational polymorphism analysis as described (14) .
Zebrafish BBS Orthologues. We performed BLAST analysis of human TRIM32 against the European Molecular Biology Laboratory͞GenBank and genome project (Sanger Center, Cambridge, U.K.) databases to detect the homologous zebrafish sequence. Gene-specific primers were designed and used to amplify a full-length zebrafish trim32 cDNA sequence. PCR products were cloned into the pSTBlue vector (Novagen) and sequenceverified. Point mutations were introduced into full-length human TRIM32 cDNA clones by using targeted mutagenesis. The sequence of mutations and entire cDNA inserts was verified by sequencing and subcloned into the pCs2ϩ expression vector. mRNA was in vitro-transcribed with a mMessage kit (Ambion, Austin, TX) and coinjected into zebrafish embryos.
Antisense MOs. Antisense MOs were designed and purchased from Gene Tools (Philomath, OR). MOs were microinjected into one to eight cell-staged embryos at a variety of concentrations (250, 100, and 50 M). trim32 MO sequence is CAACAT-GGTTTAGGTTTAACTCCAT, and control MO sequence is GCTTTATTTGAGATCTCACTGCATCC.
Zebrafish Functional Assays. Live somite staged embryos were photographed with a Zeiss Axiocam camera as described (30) . KVs with a diameter less than or equal to half the WT mean diameter were considered abnormal. Day-5 fish were exposed to epinephrine added to embryo medium for a final concentration of 500 g͞ml. Melanosome transport was continuously monitored under the microscope, and the endpoint was scored when all melanosomes in the head and trunk were perinuclear.
Gene Expression Correlation Among Known BBS Genes and Trim32.
Two inbred strains of laboratory rats (SR͞JrHsd and SHRSP) were crossed, and the resultant F 1 animals were intercrossed. At 12 weeks of age, 120 healthy males of the resulting F 2 generation were killed. Total RNA was extracted from both eyes by using the guanidinium isothiocyanate method (TRIzol reagent; Life Technologies, Gaithersburg, MD), followed by purification with an RNeasy column (Qiagen). Double-stranded cDNA was synthesized from 5 g of total RNA with the Affymetrix GeneChip one-cycle target labeling kit. The resultant biotinylated cRNA was fragmented and hybridized to the GeneChip Rat Genome 230 2.0 Array containing 31,099 probes (Affymetrix). The arrays were washed, stained, and scanned with the Affymetrix model 450 fluidics station and model 3000 scanner by using the manufacturer's protocols at the University of Iowa DNA Core Facility. Values were generated by using the microarray suite (MAS) Version 5.0 software (Affymetrix). The hybridizations were normalized by using the robust multichip averaging method to obtain summary expression values for each probe set (51) . Regression, ANOVA (including t tests), and the MannWhitney-Wilcoxon rank test were used to identify differentially expressed genes. Cluster analysis was used to find coregulated genes with similar expression profiles.
